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step back from the wall and take a broader view of a mural. These salient pat- 
tems are the emergent properties of compounds. Emergent propeities mani- 
fest noPso much the material bases of compounds as how the material is or- 
ganized. Belonging to the structural aspect of the compounds, they are totally 
disparate from the properties of the constituents, and the concepts about them 
are paradoxical when applied to the constituents. Life emerges in inanimate 
matter; consciousness emerges in some animáis; social organization emerges 
from individual actions. Less conspicuous but no less astonishing, the rigidity 
of solids and turbulence of fluids emerge from the intangible quantum phases 
of elementary particles; rigidity and turbulence are as foreign to elementary 
particles as beliefs and desires are to neurons. Without emergent properties, 
the world would be dull indeed, but then we would not be there to be bored. 

One cannot see the patterns of a mural with his nose on the wall; he must 
step back. The nature of complex compounds and our ability to adopt dif- 
ferent intellectual focuses and perspectives jointly enable various Sciences to 
investígate the world's many levels of organization. Things in different orga- 
nizational levels are so different each Science has developed its own concepts 
and modes of description. What are the general conditions of our mind that 
enable us to develop various Sciences that opérate fairly autonomously but 
share an objective worldview? What are the general conditions of the world 
that make it possible for us to use disparate concepts to describe structures 
of the same stuff on various scales and organizatíonal levels? Given that var¬ 
ious organizational levels are causally related by composition, what are the 
theoretical relations among the corresponding descriptive levels? More specif- 
ically, what are the relations between theories for large composite systems and 
theories for their constituents, theoretical relations that give substance to the 
notion of composition? 

This book tries to answer these questions by extracting, articulating, and 
comparing the conceptual structures of complex-system theories from sev- 
eral Sciences specialized in the connections between different organizational 
levels. We examine economics; evolutionary biology, especially its theoret¬ 
ical core known as population genetics; statistical medíanles, especially its 
application to condensed-matter physics that studies the microscopio mecha- 
nisms underlying the macroscopic behaviors of solids and liquids. In addition, 
we investígate three mathematicai theories that find extensive application in 
the three sriences and beyond: deterministic dynamics, the calculus of prob- 
ability and stochastic processes, and the ergodic theory connecting the two. 
The sdences and mathematics have separately received much philosophical 
attention, but I know of no systematic comparison and few that focus on 
composition. 2 

Theories in economics, evolutionary biology, and statistical physics cover 
a wide range of topics, which is further extended by the applications of the 
mathematicai theories. Our analysis focuses not so much on what the theo¬ 
ries address but on how they address it. Despite the diversity in topics, their 
theoretical treatments share an abstract commonality, which makes possible 
interdisdplinary workshops in which biologists, economists, and physidsts 
work together and pick each other's brain. 1 This book tries to show that the 


recent interdisdplinary exchange is only the tip of an iceberg. Beneath, on a 
more abstract level, the commonality is foundational, for the subject matters 
of the sdences ha ve a general similarity, and the sdentists all share the general 
theoretical reason of human beings. 

The subject matters of economics, evolutionary biology, and statistical 
physics are all complex systems made up of many interacting constituents: 
natíonal economies made up of millions of consumere and producere bargain- 
ing and trading; evolving spedes comprising billions of organisms competing 
for resources; solids constituted by septillions of electrons and ions attracting 
and repelling each other. The sdences aim to study the properties of the sys¬ 
tems as wholes and conned them to the behaviors of and relations among 
their constituents: the causal relations between the performance of an econ- 
omy and the dedsions of consumere; between the changing composition of 
a spedes and the adaptedness of organisms; between the ductility of a metal 
and atomic bonds. Economics, evolutionary biology, and statistical physics are 
not the only sdences of complex systems generated by large-scale composi¬ 
tion. They are outstanding for being suffidently theoretical to ¡Ilústrate the 
structure of theoretical reason in accounting for the wholeness of large sys¬ 
tems, the individuality of their constituents, and the maze of causal relations 
binding the System and its constituents. Henee they are the benchmark for 
thinkíng about more complicated phenomena of composition that have so 
far eluded theorization. A fuller introduction to the sdences is given in the 
remaining sections of this chapter. 

Properly generalized, the idea lof composition applies to the mathematicai 
theories we investígate. The probability calculus essentially studies the struc¬ 
tures of certain types of large corhposite systems, for instance, long sequences 
made up of the repeated independent tossing of a coin, given the character- 
istics of a single toss. It provides a conceptual framework for us to grasp a 
sequence of coin tosses as a whole, to enumérate all its possible States, and to 
compute the frequendes of possible States with certain gross configurations. 
The synthetic view of the whole gives the calculus much of its analytic power. 
It is widely employed in the sdences of composite systems and contributes 
much to their success. 

A dynamic process consisting 0*1 many stages is a kind of one-dimensional 
composite system. In a deterministic process, the successive stages follow one 
another according to the iteration of a rule, akin to the constituents in a 
compound interacting with each other according to certain laws. Unlike clas- 
sical dynamic theory, which is satisfied to find the behavior of a particular 
process given a spedfic initial condition, the modern formula tion of deter- 
ministic dynamics grasps entire processes and studies the general features of 
dasses of processes. It again proves the power of the synthetic view of wholes. 
Chaos, bifurcation, attractor, and strange attractor are properties of processes 
as wholes. Chaos is an emergent charader of deterministic dynamics. The con- 
trast between a chaotíc process and the determínate succession of its stages 
illustrates the disparity between the emergent concepts for wholes and the 
concepts for their parts. Such disparity is common in the theories for large 
composite systems. 
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Contrary to popular opinión, deterministic and stochastic dynamics are not 
the antagonistic dominions of law and chance. Ergodic theory, which has its 
root iñ the foundational research on statistical mechanics, shows that the 
two can be fine-grained and coarse-grained descriptions of the same process. 
By filtering out insignificant details, coarse graining often brings emergent 
properties into relief. The distinction and relation between fine-grained and 
coarse-grained descriptions pervade all the Sciences we examine: mechanics 
and thermodynamics, midoeconomics and macroeconomics, population ge- 
netics and macroevolution. They ¡ilústrate the importance of múltiple focuses 
and perspectives in scientific investigation. Furthermore, when the theoretical 
relations among various perspedives are obscure, illusions such as a mysteri- 
ous forcé of chance can occur. 

The subject matter of the Sciences and mathematics we examine cover? physi- 
cal, biológica!, social, and abstract Systems. When we cut through the diversity 
of their topics, however, we discover a common synthetic microanalytic ap- 
proach. Synthetic microanalysis institutes a broad theoretical framework in 
which concepts describing constituents and composite Systems join forces to 
explain the complexity of large-scale composition. It stands in contrast to 
microreductionism, whose narrow theoretical framework has no room for 
system concepts. 

Microreductionism is part of an influential philosophy that conceives ideal 
Science as a seamless web of logicbased on a few universal laws, from which 
all knowledge can be deduced. Focusing on composition, microredjuction- 
ism assumes that once we know the laws and concepts for the constituents, 
mathematical prowess and large computers are all we need in principie for 
the complete knowledge of everything the constituents make up, no matter 
how complex they are. Concepts and theories about systems as wholes are 
reducible, which means in principie dispensable, because they are nothing but 
the logical consequences or definitions in terms of constituent concepts. Emer¬ 
gent properties, whose descriptions require system concepts, should therefore 
be outlawed from Science. 

The bottom-up reductive method is very successful for small and simple 
systems. In universalizing it, microreductionism tacitly assumes that larfce Sys¬ 
tems are simply more of the same and can be treated by the same theoretical 
framework and method. This assumption, encapsulated in the slogan "The 
whole is nothing but the sum of its parts," is corred if the parts do not inter- 
act, but unrelated constituents make trivial systems. Interadion and relation 
among the constituents make the whole more than the sum of its parts so 
that a larger whole is not merely a larger sum. They form strudures, generate 
varieties, produce complexity, and make composition important. Miaoreduc- 
tionism thinks that interadive effeds can be accounted for by the addition 
of 'and relations" in its slogan. Without pausing to consider how relations 
are summed, the breezy addition is a self-deception that blinds it to the ef- 
fort of many Sciences, induding the largest branch of physics. The theoretical 
treatment of strudure formation in large composite systems with interading 
constituents is tremendously difficult. It introduces a whole new bal! game in 
sdence. 
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Systems with a few million interading constituents are not magnified ver- 
sions of systems with a few constituents. Their strudures differ not only quan- 
titatively but qualitatively. Consequently they engender different kinds of 
questions and demand different theoretical approaches. We can adequately 
describe the solar system in terms of individual planetary motions, but we can- 
not comprehend a galaxy with billions of stars solely in terms of individual 
steliar motions. To understand galaxies we need new theoretical apparatus, 
induding galadic notions such as spiral arms. 

Small compounds share the same organizational level as their constituents; 
large systems constitute a higher organizational level. That makes a big dif- 
ference. Entities on a single level are charaderized by a single set of concepts; 
entities on different levels are often charaderized by different concepts. Thus 
theories connecting two levels differ greatly from theories for a single level. 
This point is missed by microredudionism, which admits only single-level 
theories and assumes their adequacy in interlevel explanations. The assump¬ 
tion is unwarranted. Interlevel explanations require a theoretical framework 
that simultaneously accounts for the behaviors of systems on one organi¬ 
zational level, the behaviors of their constituents on a lower level, and the 
relations between them. This is the framework of synthetic microanalysis, 
which conneds the descriptive levels for the system and the constituents, 
not by discarding system concepts but by enlisting them to join constituent 
concepts in explaining composition, thus allowing múltiple perspedives. 

The laws goveming the constituents are important, but knowledge of them 
is only a small part of knowledge about large compounds. The immediate ef- 
fects of the laws pertain to the tiny forces among individual constituents, 
which form an intradably complex network of mutual interadion. Con¬ 
stituent concepts focus on the minute details of the network, which quickly 
become overwhelming and obscuring. We overlook or a verage over the details 
and shift our attention to the network’s salient strudures. 

What are the strudures worthy of attention? Because the number of 
possible configurations generated in large-scale composition is overwhelm¬ 
ing, it is not humanly possible to predid many system strudures by the puré 
bottom-up method stipulated by microredudionism. Unpredictability, how¬ 
ever, is not inexplicability, for explication has the help of hindsight. We can 
first observe the system strudures and then microanalyze them in terms of 
the laws of the constituents plus suitable idealization and approximation. 
For this we need a top-down view of the whole. The holistic perspedive is 
provided by the conceptual framework of synthetic microanalysis, in which 
scientists intelledually leap to the system level, perform experiments to find 
out nature's emergent properties, delinéate macroscopic phenomena with 
system concepts, then reach down to find their underlying micromecha- 
nisms. 

In studying large-scale composition, scientists microanalyze complex 
wholes instead of putting together myriad parts. They seek the constituent 
behaviors responsible for specific system properties, not the system patterns 
resulting from spedfic constituent behaviors. Synthetic microanalysis still 
uses bottom-up deduction but guides it by the top-dMvn view of composite 
systems as wholes. The system and constituents views, each confirmed by 
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its own experiments, inform scientists about the approximations, idealiza- 
tions, and possible contingent factors required for connecting them. Without 
this iiftélligence, blind deduction from constituent laws can never bulldoze 
its way through the jungle of complexity generated by large-scale composi- 
tion. 

Perhaps the best example of synthetic microanalysis is statistical mechanics, 
which is not simply a flexing of muscle by particle mechanics but a new the- 
ory with an elabórate conceptual structure developed specially to connect the 
mechanical and thermodynamic levels of description. Thermodynamics and 
particle mechanics are single-level theories; the former describes a composite 
system on the macroscopic level, the latter on the microscopic level. Statistical 
mechanics is an interlevel theory. It employs the probability calculus, not to 
reduce thermodynamics to a colony in the empire of partide mechanics, but 
to intégrate the two in the federation of physics. The probabilistic framework 
and the postulates justifying its employment in physics are not derivable from 
the laws of classical or quantum mechanics. They are the irredurible theoreti- 
cal contribution of statistical mechanics. Without the probabilistic framework, 
physicists would be unable to invoke the laws of mechanics in the substan¬ 
tive explanations of thermodynamic phenomena. Since the idea of composite 
system as a whole is fundamental to the probabilistic framework, definitions 
made within the framework do not make system concepts dispensable. 

Synthetic microanalysis and microreductionism differ in their views on 
the roles of experiment and mathematics, the unity of sdence, and the na¬ 
tura of human reason. The laws governing the constituents of solids are well 
known. If all solid-state phenomena followed mathematically, then experi¬ 
ments would be mere rubber stamps for verifying the derived results. Nothing 
can be further from the truth. Many interesting solid-state phenomena are 
experimentally discovered before they are theoretically explained. Important 
factors, for instance, the lattice structures of crystals, are experimentally mea- 
sured and then put into theoretical models 'by hand' for the prediction of 
other phenomena. Experiments often lead theories in research. Sdentists, re- 
alizing that natura is subtler than they are, design experiments to elidt hints 
on what complex systems can achieve. These experiments and their results 
contribute to the top-down view in synthetic microanalysis. 

When microreductionists say that all phenomena are mathematically deriv¬ 
able from certain laws, they usually regard mathematics as a mere calcula- 
tional tool. Mathematics is a mighty calculational tool, but the calculational 
capacity hardly exhausts the meaning of Galileo Galilei's remark that the 
grand book of natura is written in the language of mathematics, ñor of Willard 
Gibbs's remark that 'mathematics is a language,' which Paul Samuelson chose 
as the epigraph of his dassic economics treatise. More important than calcula- 
tion is the power of mathematics to abstract and articúlate predsely significant 
ideas with wide implications, to construct complicated conceptual structures, 
and to analyze exactly the interconnection of their elements. This concep¬ 
tual capadty of mathematics is fully utilized in the sdences, for instance, 
in microeconomics to spell out dearly the ideal conditions underlying the 
feasibility of a perfectiy decentralized economy. The move of mathematics to 
higher abstract construction, which started in the nineteenth century, yielded 


many large conceptual structures that find applications in twentieth-century 
sdentific theories. Differential gcometry, which underlies general relativity, 
and group theory, which is fundamental to elementary particle theories, are 
examples beyond the scope of this book. Like deterministic dynamics and the 
probability calculus, they provide expansive synthetic theoretical frameworks 
for the analysis of complex systems. 

The history of sdence witnesses not the successive reduction of theoretical 
structures by the expulsión of system concepts but the successive introduc- 
tion of more encompassing synthetic conceptual frameworks that fadlitate 
microanalysis. Another example of synthetic frameworks is the modern for- 
mulation of dynamics, which underlies the study of chaos by including the 
notions of both dynamic processes as wholes and their successive stages. Our 
conceptual structures expand, but their expansión rates are much slower than 
the explosive rate increases in the number of phenomena that they explain. 
The disparity in rates of expansión, not the purging of ideas, manifests the 
unifying power of theoretical reason. 

Unity has many styles. Synthetic microanalysis unites without reducing, 
achieving a federal unity of sdence in whose broad constitutional framework 
both system and constituent theories enjoy a certain degree of autonomy. 
It contrasts with the imperial unity advocated by microreductionism, which, 
by dispensing with systems concepts in the description of composite systems, 
subordinates everything to the authority of constituent theories. 

Galileo distinguished 'sdentists' from 'calculators.' Calculators cara only 
about grinding out the mathematical consequencesl of given laws. Sdentists 
want to understand the world. People often say that scientists solve problems. 
They do, but the universe is not a university and Sdentists are not students 
assigned homework problems. Sdentists have to frame the questions them- 
selves. To discern interesting phenomena and to introduce appropriate con¬ 
cepts that represent them as definite problems are the most important steps 
in the frontier of research. A phenomenon totally opaque in one theoretical 
representation may become obvious in another; the Copemican revolution 
exemplifies the difference made by a model from-a better perspective. Syn¬ 
thetic microanalysis, in which scientists jump ahead to discover and delinéate 
important system behaviors whose micromechanismi need explanation, pro¬ 
vides the freedom in representation that microreductionism stifles. 

Microreductionism extols instrumental reason, which is engrossed in de¬ 
duction and calculation. Theoretical reason, which drives sdence, goes way 
beyond profidency in technical procedures. We will see in the following chap- 
ters how sdentists maneuver their positions, shift their viewpoints, idealize 
judidously, postúlate creatively, discard irrelevant details about individual 
constituents, introduce novel concepts to represent organizations of wholes, 
and repeatedly reformulate their problems to make them more manageable. 
In the process they use logical reasoning and mathematical deduction, but 
they also think realistically and intuitively, trading off between detail and 
generality, authentiaty and tractability. They rely on robust common sense, 
familiarity with the subject matter, active observation, and experimentation 
on the objective world. This informal and Creative thinking marks theoretical 
reason from mere instrumental reason. 
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Appleirand oranges are comparable only on the general level in which they 
are both fruits. Theories from the physical, biological, and social Sciences are 
comparable only on the level of philosophical generality. Obviously the the¬ 
ories are very different, if only because their subject matters are so different. 
In examining them in parallel and comparing them philosophically, we try 
to abstract from the spetífics that differentiate them and discern a general 
conceptual framework. 

Consider a política] system comprising citizens who debate with each other, 
organize into groups to vie for power, and occasionally erupt in spontaneous 
protest or revolution that may topple the power structure. The polity also 
levies tax and declares war as a unit. How do the actions of and the relations 
among citizens constitute the structure of the political system? How does 
the system influence the expectations and behaviors of the citizens? Can the 
conflicting daims of various interest groups be balanced? What are the forms 
of compromise? Is the political system stable? How does it evolve? How can 
it be modified? 

Consider a solid, say a bar of gold. It comprises ions and electrons that elec- 
trically repel and attract each other, engage in collective motions, and under 
certain conditions rearrange themselves so radically that the solid melts or 
evaporares. The solid, with its rigidity and elasticity, is a unit subjected to its 
own laws. How do the behaviors of and relations among the ions and elec¬ 
trons constitute the structure of the solid? How does the crystalline structure 
influence the behaviors of electrons? Can a balance be struck between the 
conflicting forces of the bond among lattice ions and the thermal agitation of 
individual ions? How is the compromise expressed? Under what conditions 
is the solid stable? How can its characters be modified? 

Comparing the sets of questions about polities and solids, we find that the 
substances expressed by the nouns, verbs, and adjectives are totally differ¬ 
ent. However, the ways in which the substantive words are logically used 
and connected in the specific questions are similar. A Citizen is more complex 
than an electrón, but logically both are individuáis. A polity is more baffling 
than a solid, but both are composite systems made up of interrelated indi¬ 
viduáis, both are themselves individuáis, and both influence the behaviors of 
their constituents, through taxation or constraint of motion. In either case, 
we have a composite system characterized in its own concepts and a set of 
constituents characterized in their own concepts, and questions are raised 
about the relation between the two. This is the relation of composition, a 
complicated concept including not only material aggregation but also causal 
interconnection, self-organization, and structure formation. The recognizable 
structure spanning a composite system clinches its integrity. 

The comparison of polities and solids reveáis two kinds of concepts, substan¬ 
tive concepts such as Citizen and debate and general concepts such as individual 
and relation. Substantive concepts and their interconnections are represented 
explicitly by words in speech and definite terms in srientific theories. They 
constitute the content of theories and discourses and are the proper concern 
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of the Sciences. General concepts are also called categories, and their inter¬ 
connection constitutes the categórica! framework of our thinking. Some general 
concepts are thing, event process, property, causality, quantity, quality, rela¬ 
tion, possibility, observability, part and whole, space and time. They usually 
do not appear as definite terms in scientific theories, which address consumers 
and electrons, wealthy and charged, but not individual in general or prop¬ 
erty in general. However, whenever we talk about consumers and wealth we 
always tacitly understand that they are individuáis and properties of individ¬ 
uáis. Without the general concepts of thing and relation, “The book is on the 
table' becomes meaningless. Since the world is intelligible.to usonly through 
the lens of general concepts, these concepts also account for the most general 
structure of the world. We can quarrel over what kinds of things the world 
contains, but we tacitly agree in our dispute that the world generally contains 
things or individual entities. 

The categorical framework is general and not biased toward any theory. 
It abstracts from scientific theories, which in turn abstract from the specifics 
of wide ranges of phenomena. The shared categorical framework of different 
theories reveáis both the general way of our thinking and a general common- 
ality among the topics of the theories. Thus our consideraron must inelude 
the phenomena the Sciences try to understand. In this introductory section, 
the complex systems that are the subject matter of the scientific theories to 
be reflected on are described briefly. Then the general characteristics of their 
theories are sketched, with emphasis on the peculiar conceptual structure that 
marks them from the more familiar theories of simple systems. Then I explain 
the aim, nature, and signifícame of our categorical analysis, to dear up some 
philosophical problems engendered by the peculiarities of the theories. 

The eyele of topic, substantive theory, and categorical framework will be 
repeated, in various orders, throughout the book as we examine the sdences 
in more detail. The eyele is not a concatenation of segments but a continuum 
characteristic of the conceptual web of human understanding. It is impossible 
to discuss the topics without using some theories or to present the theories 
without invoking some categories. By sliding the spotlight over what we try 
to understand and how we conceptualize it in various degrees of abstraction, 
I hope to ¡Ilústrate how topics, theories, and categories mesh into each other 
and thereby how our thoughts relate to the world. 

Complex Systems 

Simplidty may have a unified form, but complexity has many varieties. Puré 
mathematics has a vast repertoire of complex abstract systems, which we 
do not consider because our aim is to investígate our objeaive thought or 
thought about the world. Concrete complex systems spread across a whole 
spectrum of complexity. For systems on the high-complexity end of the spec- 
trum, such as brains or persons, our current sdences offer catalogues of faets 
but no comprehensive theory. Of course articulation and dassification of faets 
have already involved many concepts and theories, but these theories con¬ 
cern only small regions of the systems and are usually known as empirical 
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generalizations. To investígate how we intellectually grasp complex systems 
as wholes, we have to be content with systems on the low-complexity end of 
the spéctrum, for which the Science has gone beyond the stage of empirical 
generalization to be called theoretical. 

We will concéntrate on the complexity arising from large-scale composi- 
tion, understood in the broad sense that ineludes dynamic processes composed 
of stages. There are several broad types of large composite systems. We are 
mainly concemed with the simplest, many-body system, the ñame of which 
originates in physics. 

A many-body system is made up of a large number of constituents belong- 
ing to a few kinds and coupled to each other by a few kinds of relations, for 
instance, an economy of consumere and producere, an evolving species of 
organisms, or a fluid of atoms. The cohesive strength of the interconstituent 
relations may vary, but it does not vanish totally. A many-body system is not 
a heap of sand; its constituents are so combined that it has enough integrity 
to stand as an individual in a larger system, as a Steel beam stands as a part 
of a building. Many-body systems are particularly interesting because of their 
ubiquity and their susceptibility to theoretical treatment. Many-body theories 
are perhaps the most advanced theories of complex systems and large-scale 
structure formation. Beside economics, evolutionary biology, and statistical 
physics, they are found in many areas, induding nuclear and elementary par- 
tide physics. Society is conceived as a many-body system in theories stressing 
its individualistic and egalitarian nature, for example, in rational-choice and 
communicative-acdon theories. Many-body theories will be the major topic 
of our analysis. 

An organic system consists of components of many different kinds that are 
highly spedalized and tightly integrated. Organic systems are condudve to 
functional descriptions, in which the components are defined and character- 
ized in terms of their functional roles in maintaining the system in a desired 
State, so that they are totally subordinated to the system. The paradigm of or¬ 
ganic systems is an organism, but one can also think of jet fighters and other 
advanced types of machinery. Sodety is conceived as an organic system in 
functionalism and structuralism, against which methodological individualism 
revolts. We will not consider organic systems, for theories about them are at 
best sketchy. Organisms will be mainly treated as the constituents of evolving 
species; as such they are highly simplifíed and the functions of their parts are 
represented only in optimization models. Optimization is common to theories 
of simple systems in many Sciences and engineering, where it usually has no 
functional interpretation. 

Cybemeticsystems such as neural networks combine the complexity of many- 
body and organic systems. Pereons are so complex and unitary many people 
balk at calling them composite systems. Behaviors suffice for the characteri- 
zation of other systems but not for the characterization of persons, for pereons 
act intentionally. These highly complex systems are way beyond the scope of 
this book. Since the free-market economy is the unintended consequence of 
human action, economic theories can abstract from intention and work with 
behavior instead of action. The constituents of economies they depict are so 
idealized and simplified as to be doser to things than pereons. 


The Complexity of Many-body Systems 

Many-body systems are more homogeneous than organic systems, but they 
are far from monotonous. There are several sources of complexity in many- 
body systems: the variety and intricacy of the constituents, the variety and 
strength of their mutual interactions, and the number of constituents. 

Consider for brevity a many-body system made up of constituents of the 
same kind coupled to each other via the same kind of relation. This does not 
mean that the constituents are all the same with the same relation. We are all 
human beings, but each of us is unique and relates uniquely to others. The 
constituents have their individual characters and relations, which can vary 
greatly. A law of physics forbids any two electrons to be in the same State, 4 
evolution depends on the variation of organisms within a spedes, and the 
market economy thrives on the diversity of consumer tastes. The variation 
of constituents contributes greatly to the diversity of systemic configurations. 
Even more diversity stems from the variation in individual relations. On the 
other hand, the concept of a kind implies certain rulelike generalities that 
apply to all members of the kind. Thus the variation among the constituents 
of a many-body system is more susceptible to theoretical representation, for 
it fálls under the general rules spedfic to their kind. 

Realistically, the constituents of a many-body system are themselves com- 
plicated, and the basic relations between two constituents can be tangled. 
In most theories, the constituents and their basic relations are grpatly ideal¬ 
ized to make the problem of composition tractable. The intemal structures of 
atoms and molecules, which are complicated enough to engage ftomic and 
molecular physics, are neglected in most theories of solids and ljquids. Sim¬ 
ilar simplificatíons on the properties of organisms and humans are made in 
biological and economic theories. The idealized consumere featured in eco¬ 
nomic theories are simpletons in many respeets, and their genius in solving 
calculational problems is actually a simplifying assumption. 

Suppose the constituents and their basic relations are so simplified that the 
behaviors of a system with a few constituents are well understood. Say we 
know how two electrons repel, two organisms mate, or two consumere trade. 
In a many-body system, each constituent is coupled to many if no^all others. 
The multilateral interconnectíons constitute a relational network that makes 
the system highly complex even if its constituents and their basic relations 
are quite simple. The relational network is chiefly responsible for the great 
variety of phenomena in the world. It is also responsible for the difficulty in 
studying large composite systems. 

Consider a simple composite system made up of constituents with only two 
possible stótes, say an array of pixels either black or white, related by their 
relative positions. If we neglect the relations among the pixels, then a system 
with n pixels is trivially the sum of m black pixels and n - m white ones. What 
makes the system interesting is the relative arrangement of its constituents. 
If the pixels are arranged in a one-dimensional sequence, then a system with 
two constituents has fonr possible configurations: black-black, black-white, 
white-black, white-white. There are 1,024 possible configurations for a Sys¬ 
tem with 10 constituents, 1,048,576 for a system with 20, 2" for a system 
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with n. As the number of a system's constituents increases linearly, the num- 
ber of its possible configurations increases exponentially and quickly exceeds 
even ihe astronomical. The numbers increase further if the configurations 
are two-dimensional as in pictures, for the same sequence can be arranged 
in different spatial arrays. The combinatorial explosión explains why there are 
practically infinite varieties in pictures of any size. 

The number of possible States for a large System with billions or trillions of 
constituents is staggering. It is still tremendous even if it is severely limited 
by the system's history or environment. Frequently only a small portion of 
the possibilities for a kind of many-body system are realized or will ever be 
realized. For ¡nstance, the geometry of shells can be characterized by three 
parameters according to the way the shells grow. Taking proper consideration 
of size limitations, biologists have figured out the range of possible shapes of 
shells. They found that only a tiny portion of the possible shapes are realized 
by all known shells, living and fossilized. 5 Shells are among the simplest of 
complex things, yet their possibility already far outstrips their actuality. Faced 
with abundant possibility, the important questions become what particular 
possible States are realized under certain conditions, what gross structures the 
actual States have, how they evolve, and how their past limits their future 
possibilities. 

Viewed microscopically, causal factors act on individual constituents: An 
electric field accelerates individual electrons, an epidemic kills individual or¬ 
ganismo an inflation hurts individual sa vers. Since the number of constituents 
is large, the causal effect of each is minute. The behavior of a many-body Sys¬ 
tem is the gross manifestation of numerous tiny torces tugging and pulling in 
all directions. Sometimes the constituents are so organized that the change in 
the behaviors of a few may tip the balance, as a few drifting flakes trigger an 
avalanche or a few swing votes decide a dose election. These are the critical 
situations that present a junction in the system's history, with each fork lead- 
ing to a different set of possibilities. Which particular fork the system takes 
may be accidental in the sense that the causes influendng the behaviors of the 
critical few are beyond the purview of existing and foreseeable theories and 
conceptualization. The contingency gives the histories of complex Systems a 
peculiar temporality absent in the predictable trajectories of simple systems. 

The exponentially increasing complexity of large systems is not as hope- 
less as it appears, for large numbers can also spawn simplidty if viewed from 
proper perspectives. The laws of large numbers in the probability calculus 
show rigorously how gross regularices precipítate in large systems. More 
intuitively, consider the simple system made up of black and white pixels. 
As the number of pixels in the array increases, sometimes new regularities 
appear that make the idea of 'picture' significant for the first time We rec- 
ognize patterns describable condsely in their own terms. Of course this need 
not be so. Often all we can do to describe the array is to dte the colors of 
individual pixels. Occasionally, however, we can describe it as gray, or salt- 
and-pepper, or even as a landscape or a portrait. The landscapes, portraits, 
and other recognizable patterns are the emergent properties most interesting 
to many-body theories. 


Two Notions of Complexity 

There is no predse definition of complexity and degree of complexity in 
the natural Sciences. I use complex and complexity intuitively to describe self- 
organized systems that have many components and many characteristic as- 
pects, exhibit many structures in various scales, undergo many processes in 
various rates, and have the capabilities to change abruptly and adapt to ex- 
temal environments. To get a more predse notion of complexity, defínitions 
in the information and computation sdences would be helpful. 

The idea of complexity can be quantified in terms of information, under- 
stood as the spedfication of one case among a set of possibilities. The basic 
unit of information is the bit. One bit of information specifies the choice be- 
tween two equally probable alternatives, for instance, whether a pixel is black 
or white. Now consider binary sequences in which each digit has only two 
possibilities, 0 or 1. A sequence with n digits carries n bits of information. The 
information-content complexity of a spedfic sequence is measured in terms of the 
length in bits of the smallest program capable of specifying it completely to a 
Computer. If the program can say of an n-digit sequence,' 1, n times' or '0011, 
n/4 times,' then the bits it requires are much fewer than n if n is large. Such 
sequences with regular patterns have low complexity, for their Information 
content can be compressed into the short programs that spedfy them. Máxi¬ 
mum complexity occurs in sequences that are random or without patterns. To 
specify a random sequence, the Computer program must repeat the sequence, 
so that it requires the same amount of information as the sequence itself car¬ 
ries. The impossibility of squeezing the information content of a sequence into 
a more compact form manifests the sequence's high complexity. 6 

Sdence is usually not so much interested in the definite description of a 
spedfic system as in the dasses of systems that satisfy certain general criteria. 
For instance, an important physical problem is to find the configurations of 
an n-body system that have the lowest total energy, for these are the config¬ 
urations in which the system settles. The difficulty in solving such problems 
is also an indication of the system's complexity. It can be expressed in terms 
of the idea of computation-time complexity. 

Suppose we have formulated a problem in a way that can be solved by al- 
gorithms or step-by-step procedures executable by computers and now want 
to find the most efficient algorithm to solve it. We classify problems according 
to their “size"; if a problem has n parameters, then the size of the problem 
is proportional to n. We classify algorithms according to their computation 
time, which, given a Computer, translates into the number of steps an algo¬ 
rithm requires to find the worse-case solution to a problem with a particular 
size. The computation-time complexity of a problem is expressed by how the com¬ 
putation time of its most effident algorithm varíes with its size. Two rough 
degrees of complexity are distinguished: tractable and intractable. A problem 
is tractable if~k has polynomial-tíifib algorithms, whose computation times 
vary as the problem size raised to some power, for instance, n 1 for a size- 
n problem. It is intractable if it hatonly exponential-time algorithms, whose 
eÉaputation times vary exponentially with the problem size, for instance, 2". 
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Exponential-time problems are deemed intractable because for sizable n, the 
amount oí computation time they require exceeds any practical limit. 7 

The example of the array of pixels shows how the number of possible con- 
figurations for an «-body System increases exponentially with n in combina- 
torial explosión. If the best we can do to solve an n-body problem is to search 
exhaustively through its possibilities, then the problem has only exponential- 
time algorithms and is intractable. Tractable problems are usually those for 
whose structures we have gained deeper insight, so that we need not rely on 
brute-force searches. Mathematidans have proved that many practical prob¬ 
lems in operations research, game theory, and number theory are intractable. 
Far from being defeatist, the intractability proofs are invaluable because they 
save algorithm engineers from banging their heads against stone walls. Once 
engineers know that a problem is intractable, they can direct their effort to re- 
formulating the problem, relax some conditions, or find altemative tractable 
problems. 

Problems and Solutions in natural sdence are less rigorously definable than 
in computation sdence, but natural sdentists have adopted similar strategies. 
If the lowest-energy configurations of an n-atom system involve spedfying the 
State of each atom, then the problem is intractable. With n a trillion or more, 
physicists do not even try the brute-force approach. They wisely spend their 
effort in formulating more tractable and interesting problems, for which they 
develop many-body theories. With insight and versatile strategies, problems 
regarding Systems with the highest information-content complexity need not 
be the most difficult to solve. Statistical methods deal with random systems 
more adequately than with systems with some regularities. 

Many-body Theories 

We conceptuaüze the intelligible world in many organizational levels and 
individúate entities in each level. Entities on one level are more likely to 
interact with each other than with entities on a different level, and causal 
regularities are most apparent and explanations most informative within the 
level. Thus many sdentific theories concéntrate on entities and phenomena 
in a single level with Me reference to other levels. These theories study the 
interaction among a few entities, but the resultant systems are small enough 
to belong to the same scale and leve! as the constituents. For instance, the 
laws of dassical mechanics adequately explain the motion of the planets. We 
have microscopic quantum laws, but their connection to planetary motion is 
often obscure and the information they offer is irrelevant. 

Many-body theories are peculiar in explidtly taking account of and relating 
entities on two different scales, for the sheer number of constituents pushes a 
many-body system over to a different level. They encompass within a single 
model both solids with their rigidity and atoms with their quantum phases; 
both economies witb-their price levels and consumere with their individual 
preferences; both evolving species and characteristics of organisms. By ex- 
plicitly treating the constituents and their interactions, many-body theories 
differ from theories that treat composite systems as units without referring to 
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their constituents. By characterizing composite systems with predicates and 
perhaps causal laws of their own, they differ from theories that depict the rel- 
ative behaviors of a few interactants, in which the system lacks individuality 
because it has no description independent of its constituents. 

Theories encompassing entities on two scales have a spedal difficulty. The 
concepts used to characterize entities in different scales are often inconsistent. 
For example, water molecules are discrete partides in dassical mechanics, 
and water is a flowing continuum in hydrodynamics. Continuity and dis- 
creteness constitute one contrasting pair; othere are temporal irreversibility 
and revereibility, alive and inanimate, consdous and incognizant. Many other 
concepts, although not contradictory, are incongruous. Viscosity, heat capac- 
ity, and expansión coeffident, which are concepts for fluid water, are not 
applicable to water molecules. 

A many-body theory conceptualizes and characterizes the same large com¬ 
posite system on several levels. For the moment let us ignore the intermediate 
structures and consider only the two extreme levels of description, gener- 
ically called the micro- and macroleveis. They can employ totally disparate 
concepts. The fine-grained microdescription extrapolates from the method of 
small-system theories and characterizes the system in terms of the individual 
behaviors of its constituents. Because of the complexity of sizable systems, 
the amount of information it contains is overwhelming. The coarse-grained 
macrodescription characterizes conasely the gross features of composite systems 
in terms of system concepts. It contains less information than the microde- 1 
scription, but less information is not necessarily less informative. A single I 
piece of key datum is more informative than a ton of irrelevancy. t 

Many-body theories try to connect the micro- and macrodescriptions, not * 
to elimínate one in favor of the other. The connection is not achieved by 
finding a predícate in the microdescription to match with a predícate in the 
macrodescription; simpüstic type-type identification is usually futile. The task 
is much more difficult; it must make sense of the intricate compositional 
structure that exhibits variegated features with scales ranging from that of 
the constituent to that of the system. Realizing that many microscopic details, 
are inconsequential to macrophenomena, sdentists introduce extra theoret- 
ical means to distill the significant information that highlights the particu- ^ 
lar systemwide patterns they are studying. The better theories systematically 
withdraw to successively coareer-grained views, screening out irrelevant de- 
tails step by step. Besides objective considerations, the theories also introduce 
additional postulates that represent, among other things, a shift in perspec- 
tive and emphasis. The new perspective and postulates account for the con¬ 
ceptual incongruity of the micro- and macrodescriptions. They inject extra 
information absent in the microdescription. In terms of the number of bits, 
the additional information is negligible. Yet it crystallizes the deluge of micro¬ 
scopic configurations into a few informative macrovariables and transforms 
the crushing mass of microinformation into a tractable theory. Its introduction 
is a testimony to the ingenuity of theoretical reason. 

The connection between micro- and macrodescriptions introduces a new 
kind of explanation about a new domain of phenomena, the compositional 
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structure of the system. Its approach is synthetic analytic, where one does not 
logically construct from given parts but intellectually analyzes wholcs into in- 
formfllive parts. Scientists do not try blindly to deduce their way up from the 
constituents, a hopeiess exerdse mired in the swamp of microscopic possibili- 
ties. Instead, they peek at the answers to the deduaion by doing experiments 
to find out what maaoscopic features nature has realized. The intelligence is 
like a map of a swamp, enabling them to land on the islands of certain mac- 
robehaviors and reach down to dredge for the responsible micromechanisms. 
In the process they rely on system concepts to pick out the macrophenomena, 
articúlate them, and guide the analysis. Synthetic analysis accommodates the 
freedom to generalize on both the micro- and macrolevels; henee its concep¬ 
tual framework is broader than that of brute-force deduction from the laws 
of the constituents. 

The broad framework of synthetic analysis also forges the conceptual unity 
of the theories, which are otherwise fragmented. Because of the combinato¬ 
ria! explosión, a typical many-body system has many facets and harbors many 
simultaneous processes on various temporal and spatial scales. It is impossible 
to treat all of them in a monolithic theory. To investígate many-body Systems, 
scientists construct simplified models that capture various important aspeas 
of a larger pirture from various perspectives. Consequently economics, evo- 
lutionary biology, and statistícal physics all branch into a multitude of models, 
each of which addresses a particular process or a specific aspea of composi- 
tion. Various models employ various approaches and approximatíons as befit 
their specific topics. The conceptual framework of synthetic analysis holds 
these models together, so that we do not lose sight of the large piaure. 

Descriptive Philosophy and Categorical Analysis 

The preceding description of many-body theories - their accommodation of 
incompatible concepts for phenomena on two levels, their attempt at rec- 
onciliation, the logical gaps resulting from approximatíons and independent 
postulates, their dependence on probabilistic and statistícal concepts, and their 
fragmentation into many models - is quite abstraa, for it covers theories in 
all three Sciences. The generality indicates a common structure that can be 
articulated in terms of categories. 

The categorical framework expresses the general struaure of our theoreti- 
cal reason. It indudes the most general presuppositíons we have made about 
the world and our status in it, for instance, the presupposition that the world 
is made up of individual things with distinct propertíes and interrelations. 
Its analysis traditionally belongs to metaphysics, for the general presupposi- 
tions of objective thought are also the general nature of reality as it is in- 
telligible to us. Peter Strawson has distinguished two kinds of metaphysics: 
'Descriptive metaphysics is content to describe the aaual struaure of our 
thought about the world, revisionary metaphysics is concemed to produce 
a better struaure.' He said that most philosophers engaged in both, but on 
the whole, Aristotle and Immanuel Kant were descriptive; René Descartes, 
Gottfried Wilhelm Leibniz, and George Berkeley, revisionary; David Hume 
was hard to place* 
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The analysis of the categorical framework of objective thought is still a 
major goal in contemporary philosophy. Equally persistent is the dichotomy 
between the descriptive and prescriptive approaches. 9 For instance, the phi¬ 
losophy of sdence contains general doarines and the analyses of spedfic 
sdences, the former mostly prescriptive, the latter descriptive. Prescriptive 
philosophies of sdence stípulate revisionary struaures of sdentific theories, 
canonical forms of explanations, and criteria for theory appraisal and hy- 
pothesis testíng. Reduaionism and miaoreduaionism are examples of their 
prescriptions. Their arguments are logical and abstraa, often making little 
contaa with aaual sdentific theories and praaices. Descriptive philosophies 
such as the philosophies of biology, economics, and physics delve into the sub- 
stance of the sdences, sometimes becoming so engrossed in technical matters 
as to invite the quesrion, Where is the philosophy? 

The present work is descriptive; it treats the categorical framework not as 
an external standard to which the theories are matched, but as something 
presupposed by actual theories, embedded in them, and playing aaive roles 
in them. Its task is to abstraa from the substantive contents of various sden¬ 
tific theories, expose their categorical framework, and articúlate the general 
structure of our thought about composition and complexity. It pays as much 
attention to the content of the sdences as the philosophies of specific sdences 
but differs from them in the breadth of its perspeaive and the generality 
of concepts it considers. Along the way it compares the aaual struaures of 
sdentific theories to various revisionary prescriptions. I argüe that the pre- 
scribtions are too impoverished to accommodate the features of reality and 
toolsimplistic to convey the thoughts expressed in sdentific theories. Their 
clám of discharging the funaions of the commonsense notions they expel is 
an unredeemable check. 

Traditionally, philosophers who aimed to describe the general structure of 
objective thought investigated our everyday thinking, even if they were fas- 
tinated by sdence, for sdentific theories were restriaed in scope, incomplete 
in logical struaure, and dependent on common sense to funaion. I focus 
on sdentific theories because everyday thinking is fluid and vague, whereas 
sdentific reasoning, although narrower, is more focused and refined. The cat- 
egohes are like air, essential for living but difficult to see; they are ethereal 
as a result of their generality and taken for granted because of their familiar- 
ity. To inquire about the importance of air, it is better to ask astronauts who 
carry oxygen on their space walks than to ask flatlanders who have never 
gasped for air. The sdences are like astronauts. Striving to gain knowledge of 
difficult subjeets that befuddle common sense, the Sciences would have ex- 
plidtly incorporated a category in the logical struaures of their theories if the 
category were essential for thinking about their topics. Modem sdentific the¬ 
ories have distilled and absorbed many presuppositíons of everyday thinking; 
consequently their logical struaures are much strengthened. 

Another advantage of analyzing sdentific theories is their mathematical na¬ 
ture. Often the same mathematics is applicable to widely disparate topics. The 
topics differ drastícally in substantive features, but on an abstraa level they 
share some common structures that make them susceptible to representation 
by the same mathematical language. General struaures are philosophically 
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interesting. They are reflected in the structure of the mathematics, which 
has already abstraaed from substantive specifics. Thus phiiosophers can save 
much effort of abstraction by using off-the-shelf ítems. We need not start from 
scratch with simplistic logical models; the mathematical structures of empir- 
ical theories present high-level and sophisticated models whose axioms are 
readily available in mathematics texts. We need not worry about the appli- 
cability of the abstract axioms; they have been thoroughly tested in scientific 
theories. Of course we must be careful in our analysis and interpretation of 
the mathematics; sometimes it ¡s merely a calculational tool and sometimes 
there are several mathematical formulations of the same topic. We have to 
examine the mathematics in applications and carefully sepárate its objective, 
ideal, and instrumental functions, and all these from rhetoric. 

For instance, the probability calculus finds applications in physics, biology, 
economics, and many other areas. We should not be fooled by the ñame of 
the calculus into thinking that chance rules the world; chance is not even de- 
fined in the calculus. We examine the axiomatic structure of the calculus, the 
definitions and relations of its terms, and their meaning when applied in var- 
ious scientific theories. In this way the mathematics helps us to extract from 
the scientific theories a general pattem of thought, the objectivity of which 
is preved by its successful functioning in empírica! knowledge. We take ad- 
vantage of the systematic abstraction, dear thinking, and precise formulation 
that are already accomplished in the mathematical Sciences to make a short 
cut in categorical analysis. 

Outline of the Book 

This book is organized around the interrelated categories of individual and 
time, which are, respectively, extracted from the equilibrium and dynamic 
models of complex-system theories. The two are United by the category of 
possibility. Whéther an individual is a system or a constituent, it is formulated 
in scientific theories in terms of its possibilities, represented by the State space 
that encompasses all its possible States. The state space is often the most im¬ 
portare postúlate of a scientific theory, for it defines the subject matter under 
investigation. It unifies equilibrium and dynamic models; the evolution of a 
system traces a path in its State space. The number of possible States explodes 
exponentially as a many-body system macases in size. The asymmetry be- 
tween the enormity of possibilities and the scarcity of actualities underlies the 
concepts of probability, contingency, temporal irreversibility, and uncertainty 
of the future. 

Part I examines equilibrium models. Chapter 2 lays out the conceptual struc¬ 
ture of many-body theories, concentrating on how it hamesses ¡ncongruous 
míao- and maaoconcepts in the account of composition. It argües that their 
approach is synthetic analytic, emphasizing the analysis of wholes instead of 
the combination of parts. Even where some sense of ‘the whole is the sum of 
its parts' is valid, the parts are not the constituents familiar in small systems. 
They are customized entities obtained by analyzing the system for the under- 
standing of prerecognized maaobehaviors, and they have internalized most 
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interconstituent relations. Optimization, a general idea extensively applied in 
all three Sciences, is also introduced. 

Both the system and Us constituents are individuáis, the former explicitly 
composite and the latter situated. Thus the general concept of individual must 
incorpórate the idea of integrity in view of an individual's parts and the idea 
of distinctiveness in view of the myriad relations binding an individual to the 
multitude. These general ideas are examined in Chapter 3, which introduces 
State space and its utility in representíng various individuáis. Like most chap- 
ters in the book, this one contains four sections, one of which discusses the 
general philosophical ideas; the other three examine how the general ideas 
are separately instantiated in biology, economics, and physics. 

Sdentists seldom try to find exhaustive substantive theories covering all 
aspects of a kind of many-body system. Instead, they raise specific questions 
targeting some salient features and make simplifications to disentangle the 
targeted phenomena from other factors. The result is a host of models and 
regional theories explaining various aspeas. Chapters 4 to 6 examine three 
broad classes of model and approximation with an ascending degree system 
integrity. Going through the three classes of model, our attention shifts from 
individual constituents to the system as a whole. The shift in focus reflects 
the varying nature of the system properties under investigation; individual 
constituents are more prominent for the explanation of resultare properties 
than emergent properties. We will find that not only do the charaaers and 
inteipretations of the constituents change, but new individuáis such as col- 
lective excitations and social institutions appear. The varying image of the 
constituents and the shifting balance between the constituents and the Sys¬ 
tem readily fuel ideological controversy when the nature and assumptions of 
various models are not made explicit. 

The independent-individual approximation discussed in Chapter 4 is the sim- 
plest and most widely used approximation. In it, the charaaers of the con¬ 
stituents are transformed to absorb most of their mutual relations, and the 
residual relations are fused into a common situation determined by all but 
impervious to each. Consequently the system becomes a 'lonely crowd” of 
solipsistic individuáis responding only to the common situation. 

The idea of emergence is explored in the two subsequent chapters. In the 
models examined in Chapter 5, the many-body system is more integrated be- 
cause its constituents are no longer uncorrelated. Some constituents behave 
in unisón and others cohere preferentially, leading to the appearance of novel 
entities that constitute an intermedíate layer of struaure. In the models ex¬ 
amined in Chapter 6, the constituents are so tightly correlated, the system 
defies modula riza tion and must be treated as a whole and represented by 
concepts of its own. Some models show explicitly how the details about the 
constituents drop out as we systematically retreat to coarse views for the con- 
ceptualization of maaoscopic regularities. The insignificance of microscopic 
peculiarities in many maaophenomena is encapsulated in the universality of 
many maaoconcepts. 

Part n considere the notions of time in dynamic, stochastic, and historical 
processes. Chapter 7 analyzes the relation of the general concept of time to those 





21 


20 INTRODUCTION 

of thing, event, and causality. It sets the Sciences we are investigating in a 
broader context by relating their temporal concepts to the temporal concepts 
in relativistic physics that encompass all changes and the temporal concepts 
in our everyday thinking that malee use of the tenses. 

Determinlstic dynamics, familiar since Newtonian mechanics, has recap- 
tured headlines with notions such as nonlínearity, chaos, bifurcation, and 
strange attractors. Chapter 8 explores the modem formulation of deterministic 
dynamics in terms of state space, its connection to stochastic processes vía the 
ergodic theory, and its role in the foundation of statistical mechanics. It shows 
how simple dynamic rules, when iterated many times, can generate highly 
complex and chaotic results. Yet among all the unpredictable complicatíons, 
sometimes simple new structures that are susceptible to sweeping general- 
ization, as apparent in the universality of some features, emerge at a coarser 
level. 

In Chapter 9,1 examine the structure of the calculus for probability and 
stochastic processes and argüe that their wide application in the Sciences does not 
suggest the dominión of chance as some inexplicable cause orpropensity. The 
meaning of accident and randomness is explored by comparing deterministic 
and stochastic formulations of the same process. This analysis again illustrates 
that important conceptual differences arise from changes in scale, focus, and 
perspective, not from the intervention of mysterious forces. 

Chapter 10 investigates the differences in the temporal notions of the Sci¬ 
ences: Evolution is natural history; economics looks forward; physics has no 
idea of past and future. Yet the time in thermodynamics is already more 
complicated than the time in mechanics, which lacks even the notion of ir- 
reversibiiity. The. emergence of temporal irreversibility is a major problem in 
the foundation of statistical mechanics. Time is no less a problem for biology 
and economics. Finding no law that covers the history of organic evolution, 
biologists join historians in using narratives to explain specific incidences. 
Economists are still wrestling with the representation of uncertainty regard- 
ing the future, which is crucial in decisión making and planning. 

This book considers only those categories that are embodied in the theo- 
ríes of economics, evolutionary biology, and statistical physics. The topics of 
these Sciences belong to the mídrange phenomena of the world: neither ele- 
mentary ñor too complicated. Their theories need not worry about problems 
that arise in the study of more extreme topics. Constrained by the data of 
philosophizing. I will take for granted many general concepts, notably those 
of object, experience, and space-time. These concepts, explicitly embodied in 
quantum field theory, 1 have analyzed in a previous work. 10 Also neglected 
are consciousness, intentionality, ethics, aesthetics, and other personal cate¬ 
gories. The Homo sapiens in biology is an animal. Homo economicus, whose whole 
being is the maximization of the utility of marketable commodities, lacks vital 
dimensions of a full person. Uncovering the general nature that Homo eco¬ 
nomicus shares with things accentuates our awareness of what is peculiarly 
human. 
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3. Economics, Evolutionary Biology, Statistical Physics 


No work of this length can possibly do justice to the rich substance of the Sci¬ 
ences, especially when its major aim is the analysis of general concepts com- 
mon to three Sciences. The parallel treatment of the Sciences obscures their 
individual intemal coherence. 1 attempt to outline the conceptual structures 
of microeconomics (§ 16), macroeconomics (§25), equilibrium statistical me¬ 
chanics (§11), nonequilibrium statistical mechanics (§ 38), and population 
genetics for microevolution (§ 12). Macroevolution lacks an adequate theo- 
retical framework and is better addressed by historical narrative (§ 41). These 
structures leave out many topics because of the fragmentary nature of the 
Sciences. To provide a context in which the reader can lócate the ideas and 
models discussed later, this section sketches the histories and current trends 
of the sdences. It also introduces some concepts that are self-evident today 
but that took a long time to develop. The rocky historical paths ¡Ilumínate the 
subtlety obscured by their present obviousness. 

A Science develops mainly according to its inner dynamics, but it is not 
immune to its social and historical milieu, which often channels the effort of 
research by stressing the importance of certain problems and allocating more 
research resources to them. Economics, evolutionary biology, and statistical 
mechanics are sdences of mass phenomena. Not coinddentally they emerged 
duríng the period in which the industrial sodety and the age of the masses took 
shape. As the French Revolution and its aftermath mobilized the resources of 
entire nations, the Industrial Revolution spawned organizations of increas- 
ing scale, and sodetal relations became ever more complex, the scope and 
depth of human uhderstanding expanded tremendously. With their newly 
gathered statistical data, empirical sodal sdentists showed that sodety, which 
gradually carne to be recognized as a large system comprising autonomous 
individuáis, exhibits an order whose stability seems to be unaffected by the 
caprice of individual actions. People began to see that large systems, hitherto 
too nebulous and complicated to comprehend, can be grasped as wholes with 
gross regularities describable in general terms. 

Reflecting on the nature of history toward the end of the Enlightenment, 
Kant referred to soaal statistics and remarked: 'Since marriages, births con- 
sequent to them, and deaths are obviously influenced by the free will of man, 
they should seem to be subject to no rule according to which the numbers of 
them can be reckoned in advance. Yet the annual registers of these events in 
major couniries show that they occur according to laws as stable as those of 
the unstable weather, whose particular changes are unpredictable, but which 
in the large maintains a uniform and uninterrupted pattem in the growth of 
plants, the flow of rivers, and other natural events.' 11 Kant may not have been 
aware that several years prior to his essay, Adam Smith had inaugurated sri- 
entific investigation into the causes underlying the economic aspect of sodal 
regularities. Seventy-five years later. James Clark Maxwell, impressed by the 
statistical method of sodal sdentists, introduced it into physics to study large 
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Systems containing many partides whose behaviors are deemed irregular. 
About the same time Charles Darwin published a theory of natural history 
in Which the minute variation in the characters of individual organisms is 
translated into the evolution of entire species. 

Economics, Micro and Macro 12 

Economics is the oldest of the three sdences we consider. As the practical wis- 
dom of household management and bureaucratic administration, economic 
thoughts have flowered in cultures all around the globe since antiquity. As 
a Science or systematic investigation, economic analysis is more recent and 
regional. It concentrates on the behavior of the self-regulating market system, 
which itself only emerged during the seventeenth and eighteenth centuries 
in the Western Hemisphere. 

Economic analysis focuses on several problems faced by sodeties in pro- 
ducing and distributing material goods under the sanctity of prívate property 
and the modérate scardty of resources: the allocation of resources for effident 
production, the distribution of income among the constituents of the soriety, 
the growth and stability of the economy, the effects of money and credit. Al¬ 
location and distribution belong to microeconomics, where the consideration of 
demand and supply applies to individual firms and households. Economists 
generally agree that allocation is most effidently achieved by the price mech- 
anism of the free market. Growth and money belong to macroeconomics, which 
considers the levels of income and unemployment, inflation and price level, 
interest rate and the quantity of money, stability and business cydes, Interna¬ 
tional trade and the balance of payments, and how these factors are influenced 
by government policies. Microeconomics characterizes the economy by spec- 
ifying the behaviors of every constituent, macroeconomics by using a handful 
of aggregate variables. The dear dichotomy between the two was made in the 
1930s, and it remains in forcé today, despite efforts to connect them in micro- 
foundations research. There is more consensus among economists regarding 
the postulates and results of microeconomics than those of macroeconomics. 

Let me adopt the conventional characterization of Ádam Smith as the father 
of economic sdence, skipping the contributions of the English mercantilists, 
who argued that national wealth could be increased by regulating foreign 
trade, and the French physiocrats, who argued that wealth was created by 
domestic production. Smith's An Inquiry into the Nature and Causes of the Wealth 
of Nations was published in 1776, the year in which the steam engine made 
its commerdal debut. It predated the economic manifestation of the Indus¬ 
trial Revolution, which, judged by the sharp upswing in British production 
and trade figures, occurred around the time of the French Revolution of 1789. 
The flying shuttle, spinning jenny, and other machines, which enjoy extensive 
coverage in many histories of the Industrial Revolution, are hardly mentioned 
in Wealth of Nations, whose paradigm technology is the manufacture of pins 
and nails. Yet Smith divined much of the essence of the industrial sodety. He 
realized that the organization of society's productive effort is as important to 
economic growth as mechanization. The organizational structure he analyzed 
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in terms of several aspeas: the increase in specialization and the división of 
labor underlying a rising productivity; the market mechanism holding to- 
gether the host of spedalized producers; the accumulation of capital resulting 
from the reinvestment of profits and leading to further specialization. He em- 
phasized that the organization of effort, which engenders economic growth 
and optimal resource allocation, is not anyone's design but the unintended 
outcome of myriad individual actions, each based on self-interest. Developed 
by subsequent economists, the idea of the self-centered Homo economicus and 
the thesis that the market's invisible hand coordinates myriad confliaing self- 
interests to achieve harmonious and benefidal results for the economy have 
both become the basic postulates of economics. They are given a rigorous 
mathematical formulation in modem microeconomics (§§ 13 and 16). 

A key concept around which economic thinking progressed is valué. A sat- 
isfaaory theory of valué must answer several questions: What determines the 
valué of a commodity? Is there an invariant valué ascribable to a commodity 
as its intrinsic attribute? How does the intrinsic valué of a commodity relate 
to its fluauating price or exchange valué? How are valúes measured? How 
are they related to the distribution of income? The answers to these questions 
distinguish various schools of economic thought. In medieval times the valué 
of a thing was its fair price as determined by the social norm. The dassical 
economists - Adam Smith, David Ricardo, John Stuart Mili - generally argued 
that commodities have intrinsic valúes, which are determined by the costs of 
production. With subtle variations, Smith and Ricardo both subscribed to the 
labor theory of valué, which Mili amended but did not disfcard. According to 
the theory, the valué of a commodity is the total amount of labor required to 
produce it, including the indirect labor embodied in the fhted capital used up 
in its produaion. 

Classical economic theories divide the constituents of the economy into 
three large groups: laborer, capitalist, and landlord. Each group has its peculiar 
form of income: wage, profit, or rent. Classical economists strived to explain 
the distribution of income among the groups and to relate the effea of distribu¬ 
tion to economic performance. The problem was tackledby Smith unsystem- 
atically and Ricardo more rigorously. Besides a keen perception of economic 
affairs, Ricardo had the ability to distiU from the maze pflamiliar economic 
notions a few precise and strategic variables and to constrüct tractable models 
that, although greatly simplified, neveítheless capturesome.salient elements 
of complex economic phenomena. The analytic method he pioneered has 
been emulated by economists ever since. 

As is common to complex phenomena, there are too many economic vari¬ 
ables, rendering the problem tremendously difficult. Ricardo cut through the 
mess by making postulates to fix several variables. thus reducing the problem 
to a manageable form. On the basis of Thomas Malthus's theory of popula- 
tion, which asserts that population grows at a faster rate than food and will 
increase until checked by starvation, Ricardo posited the iron law of wages 
that fixed wages at the subsistence level. Considering the successive utiliza- 
tion of lower-grade land, he posited the principie of diminishing returns, that 
increasing input into produaion yields increasing output, but at a decreasing 






24 


INTR0DUCTI0N 


rate. His theory depicted the growth and final stagnation of the capitalist 
economy, a scenario that won for economics the epithet 'the dismal Science." 

M^ny classical economic concepts, induding the labor theory of valué and 
the división of society into laborers, capitalists, and landlords, were taken up 
by Karl Marx. Marx's economic theory is more comprehensive and realistic 
than that of his contemporaries and predecessors. He was the only one to treat 
human behavior and technological advancement not as extemally fixed but 
as variables intrinslc to the process of economic development. However, on 
the whole he kept to the classical framework. It is not difficult to get the ideas 
of exploitation and class conflict from classical economic concepts without 
looking into the plight of the laboring mass during the Industrial Revolution. 
' [R]ent and profits eat up wages, and the two superior orders of people oppress 
the inferior one.' 13 The characterization is from Smith, not Marx. 

Smlth, Malthus, Ricardo, Mili, and Marx were all concemed with real eco¬ 
nomic problems of their times and debated on policies. Their attention was 
mainly focused on macrophenomena. Smith studied the forces goveming the 
long-term growth of national wealth; Ricardo was interested in the relative 
shares of the annual product obtained by various groups of people. This is a 
macroanalysis, distina from the income distribution among individual per- 
sons, which is a microanalysis. When the classicists examined in detail the 
forces underlying the phenomena and investigated relative prices, they nat- 
urally brought in microfaaors such as individual trading behaviors. Such is 
the case of Ricardo's theory of rent. The distinction between macro- and mi- 
croanalyses was not clearly made by the classicists, who shifted from one to 
the other without much ado. 

The second wave of economic theories is distinaly microanalytic. It focuses 
on the allocation of resources among individuáis instead of the distribution 
of income among groups of individuáis. Also, it replaces produaion with 
exchange at the center of economics. 

As the nineteenth century progressed, the flaws of classical economics be- 
came apparent. The iron law of wages and the principie of diminishing retums 
melted in the forge of empirical evidence, which showed that real income for 
the masses rose as the population expanded. In the 1870s, Stanley Jevons, 
Cari Menger, and Léon Walras ¡ndependently but almost simultaneously de- 
veloped marginal analysis in English, Germán, and French. Marginal analysis 
uses differential calculus extensively; a marginal quantity is usually a deriva- 
tive of some sort. 

The marginalists introduced a theory of valué based on consumption and 
utility, which had been largely negleaed by the classicists. They argued that 
a commodlty has no valué if no one wants it, no matter how much resource 
has been spent in its produaion. The cost of produaion is past and gone, but 
valué lies in the future, in the commodity's use or utility. or more vaguely 
in its desirability to consumere. Marginal analysis replaces produaion in the 
spotlight with consumption. It abandons the idea of an intrinsic and invariant 
valué, arguing that different consumere assign different Utilities to the same 
commodity. The concept of utility had many difficulties that took decades to 
iron out: Howis valué as individual utility measured? Can utility be summed 
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to obtain the total utility for the society? Can the evaluations of different 
consumere be compared? If not, how do we account for the distribution of 
income among individuáis? Some of these questions are examined in § 16 
and compared to conceptually similar questions in physics. 

The marginalists further argued that the price of a commodity is determined 
not by its total or average utility but by its marginal utility, or the utility of 
the last amount of the commodity one desires. Smith had wondered why 
water is so cheap while diamonds are so expensive, as water is vital to life 
and diamonds totally useless (he was a bachelor scholar). The marginalists 
answered that the paradox aróse because the classicists thQught only in terms 
of total utility. No doubt one is willing to pay a bundle for the firet glass of 
water in the desert, but the price of water is generally determined by the 
last glass, the marginal or differential amount for which one is willing to pay 
when he ¡s bloated. 'At the margin' becomes a key concept in economics and 
with it the principie of marginal substitution. If a consumer finds more utility 
in an extra unit of commodity A than in an extra unit of commodity B, he 
will substitute a unit of A for his last unit of B. Thus a consumer seeking to 
maximize his satisfaaion will allocate his resources in such a way that the 
marginal Utilities of all commodities are equal. 

Utility is prívate and not observable. The observable economic variables are 
the prices and the quantities of various commodities. Economists are interested 
in the relation between the two, especially in the prices and quantities that re- 
main stationary. The classicists argued that long-run equilibrium prices are de¬ 
termined by the costs of produaion. The marginalists assumed a fixed quantity 
of available commodities and argued that prices are determined by the desires 
of consumere. Alfred Marehall synthesized their ideas using marginal analysis. 
He argued that produaion and consumption are thoroughly interrelated like 
the two blades of a pair of scissors, so that prices are determined jointiy by 
supply and demand. Equilibrium obtains when demand equals supply or when 
the market dears. Finally, almost a century after Wealth of Nations, demand 
equals supply, which kindergarten kids nowadays can parrot, was first enun- 
dated. Marshall's synthesis carne to be called neoclassical, and it forms the basic 
framework of present-day microeconomics. 

Microeconomics reckons with the price of each commodity and the qiffh- 
tities of each commodity demanded by each consumer and supplied by each 
firm. It seeks the equilibrium State of the economy in which the prices and 
quantities of all commodities are simultaneously determined to the maximal 
satisfaction of all. A central microeconomic theory is that equilibrium can be 
achieved by a perfectly competitive market in which the desires of individuáis can 
be reconciled in costless exchange. This 'invisible hand theory' is presented 
in § 16 to ¡Ilústrate an approximate method of solving many-body problems. 
In the approximation, individuáis do not interact with one another but re- 
spond independently to a common situation, which is charaaerized by the 
commodity prices in the case of economics. 

The theory of the perfealy competitive market is based on a host of ide- 
alistic assumptions. It also takes economic institutions such as business firms 
as basic units without worrying about their internal organization. In recent 
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decades, economists are making much effort to relax some of the assumptions. 
The y are developing Information economía and industrial organization theories, 
vvhish use game theory to study so-called market imperfections. These theo¬ 
ries take account of the direa interaaion among individuáis, the asymmetry 
of their bargaining positions, and the internal structure of economic institu- 
tions. Some of these theories are discussed in § 20 to ¡Ilústrate the formation 
of intermedíate struaures in many-body Systems. 

The neoclassicists gave sharp formulations to concepts such as demand, 
supply, price, and equilibrium. At the same time, they narrowed the scope 
of economics to the efficient allocation of scarce resources. Equilibrium theo¬ 
ries provide a static piaure. Many important problems ¡n classical economics, 
such as the dynamics of economic growth and the distribution of income, 
were brushed aside. The dassidsts called their disdpline 'political economy,' 
highlighting the relation between economics and policy. Policies concern ag- 
gregate phenomena and find little place in the miaoscopic view. Marshall 
dropped the oíd ñame in favor of economía, which caught on in the English- 
speaking world. For sixty years economics essentially meant miaoeconomics. 
Then the Great Depression, a maaophenomenon, forced itself on the atten- 
tion of economists. 

The price for neglecting macrophenomena under microeconomic hege- 
mony is heavy. When prolonged and severe unemployment plagued the cap- 
italist world in the early 1930s, economists were hamstrung for the want of 
suitable conceptual tools to analyze the situation. The policies they recom- 
ijiended were ad hoc and often wrong. 14 John Maynard Keynes challenged 
tne neodassical orthodoxy. Among his criticisms, two stand out: The first is 
*its apparent convidion that there is no necessity to work out a theory of the 
demand and supply of output as a whole.”'* One of the first tasks in Keynes's 
General Theory ofEmployment, Interest, andMoney is to define the appropriate ag- 
gregate variables and their interrelations. The causal network among variables 
such as national income, national expenditure, aggregate supply, aggregate 
demand, quantity of money, and general price level enables economists to 
-grapple with the behaviors of the economy as a whole. Since Keynes's work, 
macroeconomia has become a branch of economics in contradistinaion to mi- 
dbeconomia. The basic conceptual framework of macroeconomics is discussed 
in § 25 and compared to that of thermodynamics. 

Keynes's second criticism of the neodassical doctrine is far more contro- 
versial. Keynes challenged the tenet of market perfection, in which prices and 
wages always adjust rapidly to dear all markets and keep the economy near 
the full employment level. He critidzed it for ignoring the effect of money and 
people's expectation. uncertainty, and level of confidence. These faaors are taken 
into account in the theory he developed. The notions of risk, uncertainty, and 
expectation in economic modeis are examined in § 42. 

For twenty years the construction of macroeconomic modeis dominated 
the work of economists, spiced by the heated debate between the Keynes- 
ians and neodassidsts. Finally, economists found that many basic assump¬ 
tions of Keynesian and neodassical theories are compatible; both use the 
concepts of demand, supply, and equilibrium, although one applies them on 
the aggregate level and the other on the individual level. In the mid-1950s. 
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Paul Samuelson, who had earlier translated many economic ¡deas into the lan- 
guage of mathematics, gave the ñame neoclassicalsynthesis to the emerging con- 
sensus in macroeconomics. 16 The neoclassical synthesis puts the micro- and 
macro- branches of economics under the same neoclassical label but leaves 
open the gap between them. Each branch has its own style, concepts, and 
techniques. 

The capitalist economy suffers recurrent slumps on the heel of booms. The 
phenomenon of business cycles is a major topic in macroeconomics, the deter- 
ministic and stochastic modeling of which is examined in § 35. The Keynesian 
idea that recession and overheating can be prevented by govemment stabi- 
lization polides slowly gained acceptance. In the eariy 1960s, the Kennedy 
administration started to take an aaive role in managing the economy. When 
the economy landed in a stagflation in the 1970s, Keynesian economics carne 
under heavy fire. Olivier Blanchard and Stanley Fischer said; The Keynesian 
framework embodied in the 'neodassical synthesis,' which dominated the 
field [macroeconomics] until the mid-1970s, is in theoretical crisis, searching 
for miaofoundations; no new theory has emerged to domínate the field, and 
the time is one of exploration in several diredions with the unity of the field 
apparent mainly in the set of the questions being studied.' 17 

There are now several contending schools of macroeconomics: the neoclas- 
sidsts, Keynesians, monetarists, new dassidsts, new Keynesians, and others. 
One economist has counted seven. 1 * Economists generally believe in the ef- 
ficacy of the free market and its price mechanism in coordinating produaive 
efforts. However, they disagree sharply about whether market coordination 
is perfea, whether slight imperfeaion can generate significant economywide 
phenomena, whether the free market by itself always generates the best possi- 
ble economic results, and whether public polides can improve the economy's 
performance. Various brands of dassidsts deny or underplay market imper- 
fection, arguing that prices and wages are always flexible enough to clear 
all markets instantaneously and achieve the most desirable results. Henee they 
are skeptical of govemment stabilization polides. Various brands of Keynes¬ 
ians maintain that in reality prices and wages are sticky and such market 
imperfections can be magnified by the economy's complexity to generate 
undesirable results; therefore there is some role for public polides. Roben 
Hall has divided economists into "freshwater" and 'saltwater' breeds; the 
dassically oriented, including the monetarists, are mostly located around 
the Great Lakes and in the Midwest; the Keynesian oriented along the East 
and West coasts. We will examine how the two breeds address the relation 
between micro- and macroeconomics in the so-called miaofoundations re- 
search (§ 25). 

Probability, Statistics, and Statistical Inference 19 

The theories of probability and statistics are fundamentally involved in the sd- 
ences we consider. Their relevance is apparent in the very ñame of statistical 
mechanics. The statistical theories of biometrics and econometrics are the em- 
pirical limbs of evolutionary biology and economics. Darwin did not think 
quantitatively, but the modem synthetic theory of evolution is statistical. 
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Probabilistic and statistical ideas are not pervasive in theoretical economics, 
yet they are important in many regional problems, induding stochastic busi- 
nes'á cydes and dedsion making under risk. Joseph Schumpeter put statis- 
tics with history and theory as the elements that distínguish the thinking of 
economists from casual talks about economic matters. 20 

The probability calculus originated in the correspondence between Blaise 
Pascal and Pierre Fermat in 1654. Its dassical form received a definitive ex- 
pression in Pierre Simón Laplace's treatise of 1812. The dassical theory was 
motivated by various practical problems, induding games of chance, finance 
of risky enterprise, and weighing of evidence in dvic life. As the mathematics 
continued to abstract from its original motivations, many dassical assumptions 
were critidzed and the meaning of probability itself debated. In the modern 
axiomatization of the probability calculus introduced by Andrei Kolmogorov 
in 1933 and accepted by most mathematidans, probability is by definition a 
proportion or relative magnitude. 

Statistics has a different root. Originally 'statistics' meant numerical in- 
formation about the political state; it was once called 'political arithmetic' 
in England. As an avalanche of numbers and tables poured out of govem- 
ment bureaus after the Napoleonic War, sodal sdentists began to construct 
theoretical models to understand them better. In 1835, Adolphe Quetelet im- 
ported techniques from probability calculus. He took the normal distribution 
or the bell-shaped curve, originally developed by Laplace and Karl Friedrich 
Gauss to describe errors in astronomical measurements, and showed that it 
fits sodal data equally well. His exposition demonstrated that diverse hu¬ 
man and sodal characteristics are susceptible to quantitative treatment and 
conceptualization. Quetelet was fascinated by statistical means or averages 
and invented the idea of the 'average man.' Other people were quick to 
explore the additional information carried in the distribution he popularized. 

There are many distributions besides the bell-shaped curve. A distribution 
systematically gives the relative quantity of Ítems with a specific valué for a 
variable. For instance, if the variable is annual income, then the income distri¬ 
bution gives the number or percentage of households in each income bracket. 
From the distribution we can compute the average income as a measure of 
the level of prosperity, or the spread in income as an indicator of equality. 
If the income distribution 'broadens,' that is, if successive distributions show 
that the percentages of households with high and low incomes increase but 
those with middle incomes decrease, we say economic inequality increases. 
Darwin and Maxwell were both familiar with Quetelet's work. Variation be- 
came a key concept in the theory of evolution. Maxwell modified the normal 
distribution to describe the distribution of molecular velodties in gases. 21 

Applying the calculus of probability, sdentists carne to grips with mass 
phenomena, first in the social then in the natural realm. Sections 35 and 39 
examine the structure of the calculus and its many interpretations, which 
show how vague the meaning of probability is. Much confusión arises from 
the refusal to distinguish probability from statistics and the automatic asso- 
dation of probability with chance. The technical definition of probability in 
the probability calculus is a relative magnitude. Thus I will use proportion or 
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its synonyms in technical contexts and reserve probability for contexts where 
its commonsense meaning applies. A distribution is a systematic summary of 
proportions. 

Evolutionary Biology 22 

There are roughly 1.4 million known and described spedes of existent or- 
ganisms, and biologists estímate that these are only 5 to 25 percent of the 
total. The adaptedness and spedalization of organisms to their ways of life 
put dumsy machines to shame. A major question in biology is, in Darwin's 
words, to show 'how the innumerable spedes inhabiting this world have been 
modified, so as to acquire that perfection of structure and coadaptation which 
justly exdtes our admiratíon.' 25 Before the nineteenth century, the diversity 
and adaptedness were interpreted in terms of divine design. Today they are 
generally explained in terms of evolution. 

The idea of evolution was familiar by Darwin's tíme. Cosmological and ge- 
ological evolution has been extensively discussed. The first theory of oiganic 
evolution was put forward by Jean-Baptiste de Lamarck in 1809. Lamarck 
regarded spedes as variable populations and argued that complex spedes 
evolved from simpler ones. He postulated that evolution resulted from the be- 
queathal of acquired characters. Organisms respond to the challenges of the 
environment, change their characters, and pass on the characters acquired 
through their adaptíve effort to their descendants. The postúlate has many 
difficulties. for instance, the protective colon of many insects are adaptivje, 
but they cannot be acquired by the effort of the insects. 

In 1831, Darwin set sail on H.M.S. Beagle as a naturalist for a five-year vÁy- 
age in the waten of South America, during which he observed the geographic 
distribution of organismic characten and the significance of living conditions 
on the dífferentíatíon of spedes. He worked out the theory of evolution by 
natural selection in the fint few yean after his retum but did not publish it 
until he leamed that Alfred Wallace, working independently, had come up 
with a similar idea. The Origin of Spedes appeared in 1859, replete with detailed 
examples and factual accounts accumulated in the interim years. 

Darwin summarized his major ideas in the introduction of the Origin anTI 
expounded them in the fint five chapten. His theory of evolution by natural 
selection asserts that the variation in the survivonhip and fertílity of organisms 
in their environments gradually leads to the evolution of spedes and the 
divenity of life forms. The theory has five main premises: 

1. Variation : there are variations in the morphological, physiological, and 
behavioral characten of organisms that make up a spedes. 

2. Heredity. the characten are partially heritable, so that on the average off- 
spring resemble their parents more than they resemble unrelated organisms. 

3. Proliferation : organisms reproduce and multiply; their population will 
explode until it is checked by the limitation of resources. 

4. Natural selection: some characten are more favorable to the conditions 
of living than othen, and organisms with favorable characten tend to leave 
more offspring. 
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5. Divergence: gradual changes in the structure of a species caused by natural 
selection lead to distinctive varieties, which eventually diverge to form new 
species. 

Because of natural selection, more organisms in the succeeding generations 
have charaaers that are favorable to life and the organisms become better 
adapted to their environments. The formation of new species from the gradual 
divergence of varieties in an existing species underlies the ideas of common 
descent and the branching phylogeny of the 'trae of life.' 

The first four postulates form a group, which can be summarized in the 
general ideas of variation and differential proliferation. A composite system must 
evolve if there is variation in its constituents and the relative abundances of 
different variants change with different retes. For instance, if there is variation 
in the wealth of citizens in a society, and if the percentages of poorer citizens 
grow faster than the percentages of richer citizens, then the society evolves, a 
phenomenon not lost on the eyewitnesses of the Industrial Revolution. The 
major questions are the causes of the variation and the differential prolifera- 
tion in the biological context. One of Darwin's insights is that competition is 
more fierce among kindred than between predators and preys. Thus the basic 
source of evolution is the change in the relative abundance of varieties within 
a species. Darwin took for granted intraspecific variation, which had been 
popuiarized by social statistics. He explained differential proliferation by his 
postulates 2, 3, and 4. Heredity compensates for the mortality of organisms so 
that long-term processes are meaningful. Proliferation, the idea that Darwin 
got from Malthus, creates a scarcity of resources and generates the pressure 
that eliminates the less'adapted variants, the process known as natural selec¬ 
tion. The change in the distribution of a single species or population is now 
called microevolution and addressed by populationgenetics (§§ 12,17). 

The fifth postúlate, divergence or speáation. the origin of new species, be- 
comes part of macroevolution, which studies major evolutionary trends, the 
emergence of novelties, the rete of evolution, and extinction. 24 The process 
of speciation is less well understood than population genetics, but Darwin 
noted the importanceof geographic isolation. Suppose organisms in a species 
segregate into isolated populations in areas with different conditions. Each 
population evolves as cftganisms in it adapt to their environment, until or¬ 
ganisms in different populations are reproductively incompatible. Thus the 
original species splits into several distinct species; the variation in one form of 
life is amplified into the diversity of life-forms. 

Sewall Wright remarked that the major difference between the Lamarckian 
and Darwinian evolutionary processes is that the former is explained in di- 
rect physiologícal teims whereas the latter is presented as a statistica! process. 
Francis Galton, a. cousin of Darwin, founded biometrics, which uses statisti- 
cal methods tb study organismic variation and the spread of variation in the 
population. 

Darwin erected a broad conceptual framework involving many complex 
mechanisms and processes, the substance of which must be fleshed out for it 
to succeed as a scientific theory. He had no good explanations for the source 
of organismic variation and heredity, and despite the effort of biometricians. 
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the mechanisms underlying natural seleaion remained obscure. After twenty 
years of popularity, the influence of Darwinism, the doarine that evolution is 
mainly driven by natural selection, declined. Evolution was still upheld, but 
biologists found nonselectionist mechanisms more attractive. Lamarckism and 
use adaptation were revived. Even the rediscovery of Mendelian genetics, 
which answered many questions about the mechanism of heredity, at first 
created a competitor rather than an ally for Darwinism. 

Gregor Mendel, using controlled experiments on the hybridization of gar- 
den peas and mathematical reasoning, established several rules of heredity in 
1865. Mendel focused on discrete charaaers that an organism either possesses 
or does not, such as the smoothness of seeds. From his experimental results he 
inferred that the heredity of charaaers must be carried in units, each of which 
has two forms, and each form is expressed in a distinct charaaer. Hereditary 
units we now cali genes and their forms alíeles. For the charaaers studied by 
Mendel, each organism carries two genes, which it inherits separately from 
its father and mother. It in tum passes one of the two to its offspríng. When 
the two genes of an organism are of different forms, only one of the forms 
is expressed. Thus there is no blending of disaete charaaers; a pea is either 
green or yellow. never yellowish green. 

Mendel's results laid buried for thirty-five years. With their revival carne 
the Mendelian school or genetics of evolution. Since Mendel's results are for 
disaete charaaers, Mendelians thought that only discrete charaaers were 
hereditary and denied they were influenced by extemal environments. They 
argued that natural seleaion was not effeaive and evolution proceeded by 
mutation, or the random appearance of new alíeles and consequently new 
disaete charaaers. Mendelians quarrelled bitterly with biometricians, who 
focused on continuously varying charaaers such as height or body weight. 
The hostility quelled attempts at reconciliation for decades. 

Like the synthesis of supply-side classidsm and demand-side marginalism 
leading to modem microeconomics, the rapprochement of Mendelism and 
biometrics inaugurated the modem synthetic theory of evolutionary biology. 
The foundation of the synthesis was laid in the early 1930s by Ronald Fisher, 
J. B. S. Haldane, and Sewall Wright, who developed population genetics. Ac- 
knowledging that genetic mutation is the source of variation but arguing 
that a mutation can only have a small physiologícal effect, Fisher showed 
that genetic variability can generate the kind of continuous variation of char- 
acters described in biometrics. Natural seleaion on the variation leads to a 
gradual evolution of a species's distribution. Wright went further and con¬ 
siderad the evolution of small populations. In sexual reproduction, each par- 
ent contributes to an offspring only one of its two genes, randomly picked. 
The random factor is insignificant in large populations because of the law of 
large numbers. It is important in small populations and becomes an additional 
source of evolution called genetic drift. Thus inbreeding in a small group can 
lead to accelerated evolution. 

Population genaiMMa statistica! theory, whose mathematics was unfamil- 
iar to most biologists. Theodosius Dobzhansky explained the central concepts 
in prose and integrated them with the vast amount of data from laboratory 
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experiments and field observations. He applied Wright's results on small popu- 
lations to isolated or semiisolated colonies of organisms and discussed various 
isoiátion mechanisms that could lead to speciation. His work stimulated much 
research activity. Ernst Mayr, George Simpson, Ledyard Stebbins, and others 
extended the ideas to systematics, paleontology, botany, and other branches of 
biology. The resultant modera synthetic theory received a great boost from the 
burgeoning field of molecular genetics after the discovery of the double-helix 
structure of deoxyribonudeic acid (DNA) in 1953. The conceptual structure 
of population genetics is presented in § 12. 

To cope with the complexity of organisms and their genomes, the modera 
synthetic theory makes drastic approximations to obtain concrete results. A 
major approximation analyzes the genome into noninteracting genes and the 
organism into uncorrelated characters. Another severs genes from organismic 
characters. Yet another forsakes the dynamics of evolution and concentrates 
on equilibrium, which uses various optimization models to argüe for the adapt- 
edness of organisms. These approximations and the conceptual confusions 
they engender are discussed in § 17. The ongoing controversy surrounding 
group selection and the effect of population structure is examined in § 21. 

In the early days of the modera synthesis, biologists generally agreed that 
many mechanisms contribute to evolution. During the 1940s, the pluralist 
view gradually gave way to the orthodoxy that natural selection predomi¬ 
na tes, sometimes accompanied by the corollary that all organismic characters 
are optimally adaptive because suboptimal characters are eliminated by se¬ 
lection. Stephen Gould called the change the 'hardening of the modera syn¬ 
thesis' and said he could not explain why it occurred in view of the available 
empirical evidence. 25 

Since the 1960s, the orthodoxy is being increasingly challenged as many 
biologists explore altemative evolutionary mechanisms. Experiments on the 
molecular structures of genes and proteins reveal a surprisingly large degree 
of variation. To explain the data, Motoo Kimura picked up Wright's idea and 
argued that most changes on the molecular level are not adaptive but are 
the result of random genetic drift. He introduced the slogan 'the survival of 
the luckiest,' which is staunchly resisted by the adherents of natural selection 
chanting 'the survival of the fittest.' His arguments became part of the neutral 
theory of evolution, which is presented in § 37 with other stochastic factors in 
evolution. 

The development of the dynamic theory of complexity in the past two 
decades (Chapter 8) is another source of new ideas in evolutionary biology. It 
provides the theoretical tool to investígate the possibility of evolution driven 
by the inner dynamics of a population instead of by the extemal environment. 
One of the inner dynamics is self-organization, or the spontaneous appearance 
of order, which is common in complex Systems. In the orthodox view, evo¬ 
lution is a tinkering process, in which natural selection preferentiaily and 
successively preserves minute modifications produced by random mutation. 
As Stuart Kauffman remarked, organisms are viewed as 'ad hoc contraptions 
cobbled together by evolution.' Arguing that the tinkering process obscuras 
the holistic natura of organisms and fails to explain the emergence of novelties 
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such as the bird's wing, Kauffman put forward models showing how the self- 
organization of organisms can be ¿ major forcé in evolution. These models 
expand the conceptual framework of the evolutionary theory and aspire to 
seek universal statistical laws of organic evolution. They are still heretical to 
most evolutionary biologists (§ 24). 

The existent theoretical models in evolutionary biology are too crude to 
answer many questions in the history of evolution confidently. That is why 
historical narrative is the dominant mode in accounting for specific evolu¬ 
tionary events of life on earth. Much controversy, induding the dispute over 
human sodobiology, results from the reckless extrapolation of crude theoret¬ 
ical models to explain complicated historical events and to justify the status 
quo (§41). 

Statistical Physics, Equilibrium, and Nonequilibrium 26 

The idea of equilibrium is crudal to all three sdences we investígate. Crudely, 
an isolated system is in equilibrium if its State does not change with tíme. Iso¬ 
lated systems out of equilibrium generally change; most, although not all, 
evolve toward their equilibrium States. The study of nonequilibrium phenom- 
ena, espedally their evolution, is more difficult than the study of equilibrium 
phenomena, and it is less well developed in all three sdences. 

The macroscopic systems investigated in statistical physics are often called 
thermodynamic systems. Their study began in the seventeenth century, when an 
intemational cast of sdentists were drawn to the phenomenon of air pressure. 
Let me skip the work in the following century, in which the natura of heat and 
the flow of energy were intensively studied. In the 1840s, physidsts realized 
that energy can be transformed from one form to another with its quantity 
unchanged. The conservation of energy refines and expands the concept of en¬ 
ergy. Rudolf Clausius and William Thomson (Lord Kelvin), investigating the 
conversión of energy between heat and mechanical work, began to develop 
the theory of thermodynamics in 1850. 

The first law of thermodynamics is a spedal case of energy conservation. It 
States that the change in the intemal energy of a system, defined as the dif- 
ference between the heat it absorbs and the work it performs, is the same 
for all transformations between a given initial State and a given final State. 
The second law of thermodynamics has several forms. Clausius's statement is that 
there exists no thermodynamic process whose solé effect is to extract heat 
from a colder system and deliver it to a hotter one; extra energy must be 
provided in order for refrigerators to work. To account for heat conversión 
between systems of different temperaturas, Clausius introduced a thermody¬ 
namic variable called entropy. Another way of stating the second law is that 
the entropy of a thermally isolated system never decreases when the system 
changes from one State to another. The one-way change in entropy ushers in 
irreversibility, a temporal concept absent in mechanics. 

Clausius originally called his theory the 'mechanical theory of heat.' He 
postulated that a thermodynamic system is made up of molecules and heat is 
the motion of the constituent molecules. The kinetic theory had a venerable 
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pedigree. Atomism started with the ancient Greeks. Isaac Newton argued in 
the Principia that many observed behaviors of air pressure can be explained if 
gajes are assumed to consist of particles that repel each other with an inverse- 
square forcé. Fifty years later Daniel Bemoulli constructed a model in which 
gases consist of tiny hard spheres all traveling with the same velodty, the 
square of the velodty proportional to the temperature of the gas. From the 
model he derived the relation among the pressure, volume, and temperature 
of gases. The atomistic models were not without competitors: the wave theory 
of heat and the caloñe theory in which heat is a fluidlike substance. 

In 1860, 173 years after the Principia and 5 years before he wrote down 
the equations of electromagnetism now bearing his ñame, Maxwell intro- 
duced the kinctic theory of gasa featuring gases made up of molecules with 
various velocities. The variation in velocity is important because some phe- 
nomena depend more on the behaviors of the 'elites' than those of the *av- 
erage molecules.' For instance, the rate of loss of atmospheric gases to outer 
space depends on the number of exceptionally fast molecules. Maxwell used 
a distribution similar to the normal distribution to account for the number of 
molecules with each velocity. From the distribution he derived the relation 
between the temperature of a gas and the average kinetic energy of the gas 
molecules (the kinetic energy of a molecule is proportional to the square of its 
velocity). Maxwell's distribution, extended by Ludwig Boltzmann to indude 
not only the kinetic energy but also the potential energy of the molecules, 
became the centerpiece of the kinetic theory of gases. 

The kinetic theory postulates that the behaviors of gases are thá causal 
results of the behaviors of their constituent molecules. It regards the mdlecules 
as classical point particles and takes for granted that momentum and kinetic 
energy are conserved in molecular collisions, as classical mechantes didates. 
These hypotheses about molecular behaviors have to be justified, as does the 
postúlate of the velodty distribution. Dired experimental verification was 
decades away. Maxwell and Boltzmann both tried to justify the postúlate of 
the velocity distribution by theoretical argument and a miscellany of indired 
empirical evidence, not all of which was favorable. Their two approaches led 
separately to equilibrium and nonequilibrium statistical mechantes. 

One of Boltzmann's arguments is that the Maxwell-Boltzmann d&tribu- 
tion, as we now cali it, is the most probable State for a gas at equilibrium. He 
distinguished what we cali microstate and macrostate, both describing the gas 
as a whole. A microstate of a system spedfies the position and velodty of each of 
its constituent molecules; a macrostate is characterized by a few macroscopic 
variables such as energy, temperature, and pressure, which can be readily 
measured without referring to molecules.v^TStoat^jclistribution, which gives 
the number of molecules with each velocity, is a refined charaderization of 
a macrostate of a gas. There are many possible microstates compatible with 
the same macrostate, although only one microstate is realized at each mo- 
ment. Using concepts from the probability calculus, Boltzmann calculated 
the numbers of possible microstates compatible with various macrostates. He 
proved that by far the largest number of possible microstates correspond to 
the macrostate charaderized by the Maxwell-Boltzmann distribution. Thus 
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it is overwhelmingly probable that the gas will exhibit the distribution ¡fe ach 
microstate has an equal probability of being realized. The if is a fundamental 
and independent postúlate of statistical mechantes. Attempts to justify it led 
to ergodic theory, which has grown into a sophisticated branch of mathemat- 
ics. Nevertheless, the justification of the postúlate falls short of being totally 
satisfadory (§§ 11, 33). 

Boltzmann further defined a macrostate's entropy as proportional to the log- 
arithm of the number of possible microstates compatible with it. If we think 
that a system is more ordered when it has fewer possible microconfigurations, 
then a larger entropy means greater disorder. At equilibrium, a system attains 
máximum entropy or máximum disorder as it stays in the macrostate with 
the máximum number of compatible microstates. The definition of entropy 
establishes a bridge between the mido- and macrodescriptions of the ther- 
modynamic system. Boltzmann's method of enumerating possible microstates 
and Maxwell's idea of an ensemble, which is a collection of microstates com¬ 
patible with a specific set of macrovariables, were generalized, developed, and 
given mathematical formulation by J. Willard Gibbs in 1902. It becomes the 
framework of our equilibrium statistical mechanics, which applies not only to 
gases but to solids and liquids. It is presented in § 11 and compared to the 
framework for the kinetic theory of gases. 

Boltzmann's second approach to justify the Maxwell-Boltzmann distnbu- 
tion is to derive a dynamic equation for velocity distributions based on the 
laws of molecular motion and show that its time-independent solution is 
the Maxwell-Boltzmann distribution. By making certain randomization ap- 
proximations. he obtained a dynamic equation with the desired equilibrium 
solution. The Boltzmann equation is one of the most successful kinetic equa¬ 
tions in the study of nonequilibrium and transport phenomena, for example, ther- 
mal and electrical conduction. With further approximations, the hydrodynamic 
equations for the macroscopic motion of many-body Systems are derived from 
the kinetic equations. The laws of mechanics, the kinetic equations, and the 
hydrodynamic equations separately describe a many-body system in three 
spatial and temporal scales and degrees of detail. The derivation of the kinetic 
and hydrodynamic equations and the approximations involved are discussed 
in § 38, together with the meaning of randomness. 

Unlike the equations of motion in mechanics, the Boltzmann equation is 
temporally irreversible. Boltzmann also tried to show that it explains the second 
law of thermodynamics, although the effort is less successful than he had 
hoped. The irreversibility problem is considered in § 40. 

Condensed-matter Physics 27 

The statistical framework developed by Maxwell, Boltzmann, and Gibbs is 
sufficiently general to accommodate both classical and quantum mechanics. 
The application of statistical mechanics mushroomed after the infusión of 
quantum mechanics in 1925, which gives the correct treatment of micro¬ 
scopio particles. 2 * Statistical mechanics underlies the study of stellar atmo- 
spheres and other astrophysical and plasma phenomena. The major Impetus 
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of its continuing development. however, comes from condensed-matter physics, 
which relates the macroscopic characteristics of solids and liquids to the quan¬ 
tum mechanical behaviors of their constituents. Condensed-matter physics is 
by far the largest branch of physics, produdng twice as many doctorates as 
the runner-up, elementary particle physics. It is also the branch most dosely 
associated with technological innovation. With contributions such as the tran¬ 
sistor, semiconductor, Computer chip, liquid crystal, solid-state láser, high sen- 
sitivity detector, and an array of other electronic devices, it forms the bedrock 
of the electronic industry. 

In gases, the molecules are far apart; henee their interactions are relatively 
weak and can be treated with simple approximations. The situation is different 
in condensed matter, the high density of which implies that each constituent 
interaets strongly with many neighbors. Physicists have to tackle the diffi- 
cult situations of many-body systems. The laws of quantum mechanics and 
the conceptual structure of statlstical mechanics apply, but the Solutions of 
concrete problems require much ingenuity and approximation. 

As in other many-body systems, the major source of difficulty in condensed- 
matter physics is the interaction among the constituents. A most common 
approximation is to transform the problem of interacting constituents into a 
problem of weakly coupledor noninteracting entities, the aggregate of which can be 
regarded as a kind of 'gas' and treated by the statistical techniques developed 
for gases. For example, the system of electrons in a meta! is often modeled as 
an 'electrón gas,' but the noninteracting electrons in such a 'gas' are new en¬ 
tines whose characters differ drastically from those of electrons in free space. A 
considerable amount of effort goes into the definition and characterization of 
these weakly coupled or noninteracting entities. Sometimes, as with metallic 
electrons, they are modifications of the original constituents, and they interact 
not with each other but only with a common environment, formally analo- 
gous to the passive consuméis in a perfectly competltive market. This method, 
called the mdependent-particle approximation, is presented in § 15. In other cases, 
discussed in § 19, physicists discem collective excitations. A coüective excitarían 
involves the motion of many original constituents. It is treated as an individual 
with a corpuscular ñame such as phonon or plasman, for it is excited indepen- 
dently and interaets only weakly with other collective modes. These models 
show the multifarious meanings of 'individuáis' in many-body theories. 

One of the major areas of research in condensed-matter physics concems 
phase transition, for example, the transition of water to ice. Phase transitions 
change the integral structures of thermodynamic systems and cannot be de- 
scribed solely in terms of their parts. In one kind of phase transition, the 
critical phenomenon, unlike in the water-ice case, no discontinuous jump of 
density occurs. Critical phenomena were first reponed in 1822 for liquid— 
gas transitions and qualitatively explained in 1873 by the macrotheory of 
Johannes van der Waals. A detailed underscanding of their micromecha- 
nisms emerged only in the 1960s, and lively research continúes today. Phase 
transitions are the dearest examples of qualitative changes at the macro¬ 
scopic level. They show the emergence of macroscopic features such as rigid- 
ity, which is characteristic of our familiar world of solids (§ 23). 
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